Abstract-The demand for higher speed at a lesser transmission cost per bit resulted in growth of optical networks with improved spectral efficiency even at narrower channel spacing. Incorporation of multilevel modulation formats in DWDM system led to the exploration of the 25 GHz channel grid, popularly known as Ultra Dense Wavelength Division Multiplexed (UDWDM) systems, opening new research frontiers. At such channel spacing's, nonlinear optical effects impose severe system impairments and hence robust modulation schemes are currently being investigated. This paper presents a simulative model to implement and analyze alternative polarized DQPSK modulated UDWDM system to evaluate its resilience to XPM and fiber nonlinearity. An UDWDM system supporting 32 channels, each operating at 40 Gbps and spaced at 25 GHz is studied numerically for long-haul optical communication system using OptiSystem simulator to estimate OSNR penalties to mitigate XPM effects. The major detrimental factors encountered in link design have been estimated to evaluate the system performance in terms of Q value for different number of channels and with varied input power. The analysis reports acceptable performance for DQPSK format up to a link distance of 1500 Km and also claims a better tolerance to dispersion and nonlinearities at higher input power levels.
pre-filtering is a critical need to ensure low crosstalk during transmission of high speed data over the narrow channel spacing, whereas, excessive filtering leads to inter-symbol interference (ISI), making the determination of a suitable modulation format tolerant to tight optical filtering a vital factor.
Stupendous advances in optical communication has enabled the researchers to combine DWDM, optical time-division multiplexing (OTDM) and optical code-division multiple access (OCDMA) systems. Moreover, coherent fiber optic systems involving homodyne or heterodyne detection schemes have also been extensively explored [35, 36] . The high receiver sensitivity offered by these systems motivated a huge surge in their demand but were not commercialized due to costly and complex components and challenges in the proper design of optical phase locked loops (PLLs) . More recently [37, 38] coherent optical systems are re-emerging as an active domain of research due to relaxation in line width requirements and development of sub-megahertz line width lasers. High-speed digital signal processing (DSP) techniques have enabled the implementation of critical operations like phase locking, frequency synchronization and polarization control in the electronic domain. These developments led to the realization of stable and cost effective coherent receivers but still have scope for further improvements.
In this paper, the challenges in supporting spectrally efficient 40 Gbps DQPSK modulation format are addressed by examining an UDWDM link, in terms of distance achievable for a target bit error rate (BER) of 10 -9 using Optisystem 10.0. Besides reduced spectral width, DQPSK at 40 Gbps provides resilience to chromatic and polarization-mode dispersion and is compatible 50 GHz/25 GHz DWDM spacing grid and hence we used this scheme. Till now, various schemes have been proposed in literature to transmit DQPSK modulated signals over long haul distance, but most of them use lesser number of channels [19, 20] or, operate at a lower bit-rate [21] or use complex signal processing either at the transmitter or the receiver end [22, 23] . We discuss here, the generation, transmission and detection of alternate-polarized DQPSK signal to support transmission at 25 GHz channel spacing by a simple method. To consider the various detrimental effects, we adopted a semianalytical model in which signal propagation along the link is evaluated using simulation. Firstly, we design a DQPSK modulated 4 channel 25 GHz spaced DWDM network and gradually increase the number of channels to 8, 16 and then 32. Next, we compare the performance of this 32 channel 25
GHz spaced system with that of an 50 GHz spaced link at different power levels to provide a comparative analysis of the maximum distance achievable, on the basis of Q value and eye opening for multiple transmission spans by varying the input power of a signal. The study explores the effect of changing the number of channels, channel spacing and its influence on both the received BER and XPM. Matlab 7.0 is used for graphical analysis This paper is organized as follows. Section 2 describes the design architecture of the DQPSK based transmitter and the receiver used in the simulations. Section 3 mentions the assumptions considered and the approach used in system design by explaining analytical model and numerical simulation of capacity and distance limitations of UDWDM systems is reported. Section 4 presents the comparative results and, finally Section5 concludes the findings.
II. TRANS-RECEIVER ARCHITECTURE
The DQPSK modulation scheme is a current research focus due to its good tolerance to dispersion, better mitigation of non-linear optical effects and superior spectrum occupancy [24] . Fig. 1(a) illustrates the implementation of a DQPSK transmitter called an I-Q modulator which consists of a PRBS generator, DPSK precoder, NRZ pulse generators and three MZM's (Mach-Zehnder Modulator) concatenated together in order to achieve phase stability.
DQPSK reduces the symbol rate by a factor of two, causing the transmitter and receiver bandwidth requirements to be reduced, allowing very close channel spacing, and efficient suppression of PMD and CD effects. The MZM modulators are configured as binary phase modulators, biased at minimum optical output and driven by precoded NRZ data(I and Q) generated by DPSK precoder which modulates the first and second MZM for four level phase modulation. The last modulator generates the RZ signal of different duty cycles with the output phase difference of π/2. Precoding component avoids iterative decoding, minimizes transmission errors and lowers the complexity of the hardware. There are two different approaches to demodulate the DQPSK signal, the first one is to receive the DQPSK format with differential direct detection receivers which requires efficient dispersion compensation and tight filtering. The second approach uses coherent receivers combined with electronic dispersion compensation (EDC) exploiting DSP capabilities for practical implementation [35] . As the phase information is preserved in the coherent systems, coherent systems offer more options such as PM-QPSK (polarization-multiplexed quadrature phase-shift keying), PS-QPSK (polarization-switched quadrature phase-shift keying), PM-16QAM (Polarization-Multiplexed Quadrature Amplitude Modulation) and DP-QPSK (Dual-Polarization quadrature phase shift keying) [36] [37] [38] . But moving to these higher order modulation techniques, needs a compromise on the optical reach as the amount of optical power is less for each bit in modulation symbol. Also coherent optical systems require much more complex electro-optics than direct-detection schemes which simply translates into increased cost. Moreover such systems require complex DSP based algorithms leading to computation complexity as well. Most of the work using coherent reception has been reported for single wavelength 40 Gbps and 100 Gbps deployments [ 39, 40] . Single channel setups are easier to simulate but coherent QPSK-UDWDM systems are still unexplored to a great extent. Though coherent UDWDM offers high sensitivity and better co existence with current PON deployments, the potential high cost and device complexity has limited its attractiveness to operators [38] . The main aim of the present analysis is to explore the integration of DQPSK modulation in UDWDM network. In this paper we have attempted to achieve long haul transmission with 32 DQPSK transmitters without using complex setup of polarization controllers, polarization splitters, electronic signal processing and strict phase matching requirements and got appreciable results using a much simpler setup.The DQPSK signals are decoded optically using a simple optical delay and add interferometer structure as shown in Fig. 1 
(b). This design is basically based on direct detection
technique, avoiding the complex design of a DSP based coherent receiver.The MZI performs the correlation of each received bit with that of its neighbor and performs the corresponding phase-tointensity conversion. To simultaneously receive the two transmitted data streams, the decoder needs 
III. SYSTEM DESCRIPTION AND NUMERICAL MODEL
In DWDM environment, nonlinear propagation phenomena leads to either intra-channel effects, which manifest themselves as non linear inter-symbol interference, or inter-channel effects, such as XPM and FWM, and in a complex network scenario, these distortions are random and are customarily treated as noise. The primary objective of analytical models of fiber propagation is to characterize this noise accurately in terms of its statistical properties. Such models provide better insight by prediction of nonlinear noise power and spectrum, estimation of system capacity considering the nonlinear noise and, also the non-linear impact can be eliminated by selecting proper system parameters [26, 27] .
The major issues critical for the design of current and future WDM systems is the relationship between transmitted signal modulation format, bit rate, optical channel spacing and parameters of multiplexer and de-multiplexer filter [28] . Rigorous study and efficient modeling of non-linear effects, Where A 1 and A 2 are complex amplitudes of electric field envelopes, β 21 and β 22 are GVD dispersion parameters at channel 1 and 2, respectively, α is fiber attenuation, γ is nonlinear coefficient and d walk − off is the walk-off parameter which accounts for group velocity mismatch between the channels and can be approximately related to channel spacing ∆ and chromatic dispersion D as follows:
where λ is the wavelength and c is the speed of light. Higher order dispersion is neglected in (1) and (2) and XPM and SPM are the only included nonlinearities. The objective is to model the nonlinear impact of intensity fluctuations of channel 1 on the phase of the signal in channel 2. A common measure to avoid nonlinearities is to keep low launch powers to ensure linear propagation model.
However, it limits the maximum OSNR at the receiver and therefore the system performance.
Indeed, launch power follows a tradeoff between nonlinear effects and OSNR limitation, which leads to an optimal value refereed as NLT and it varies widely with fiber parameters and modulation formats.
A multi-segmented, optically amplified UDWDM system is assumed as shown in Fig.2 to arrive at the generalized forms of fiber non linearity-induced distortions. We consider chromatic dispersion as a lumped distortion at the end of each span which is compensated by dispersion compensation (DC) element, assuming no PM-IM conversion is involved. Only XPM and loss are considered to be distributed over the length of the fiber. The degree of XPM impairment is influenced by various parameters, such as nonlinear fiber coefficient γ, walk-off between the two adjacent channels, individual channel power and the modulation format used [29] . Phase modulated systems are very sensitive to fiber non-linearities as the imposed phase shift directly affects the received signal. The major source of intensity fluctuations is the ASE noise from optical amplifiers which results in nonlinear phase noise in long haul multi span systems. Signal launch power is kept low enough to ensure that the system is not susceptible to SPM induced nonlinearities. Deployment of appropriate DCFs in the fiber link curtails the degradation due to Group Velocity Dispersion (GVD).
This model relies on the fact that a certain number of bits pass through the adjacent DQPSK channel due to dispersion making the XPM induced phase shift to be bit pattern dependent. A frequency difference of ∆ν between the channels corresponds to ∆t, the time difference as
,where D is the dispersion parameter, λ is the optical wavelength, L the fiber length, and c is the speed of light. The number of walk-of bits that pass from a particular point of the DQPSK signal over the entire fiber length is defined as N W , and equals to ∆t B with B being the bit rate. This accounts for determining the standard deviation of the DQPSK phase shift at the receiver side. In a fully dispersion compensated system, both DCF and SMF have the same N W , but vary in the signal power level and the direction of passing.
The nonlinear phase shift ∆ is equal to 2γP∆z. For simpler calculations, it is assumed that power level in DCF is too small to allow any considerable nonlinear phase shift and the major distortions occur in SMF. Moreover, we assume that the signal shape is not altered over the fiber length as major nonlinear crosstalk occurs in the initial fiber segment where the power is comparatively higher [30, 31] .Considering ones and zeros to be equi-probable, a distribution of phase shifts corresponding to a system with specific parameters is built and standard deviation of phase, , is calculated as it is shows the degree to which the phase modulated signal disperses and thus is a parameter for quality assessment. The total phase shift is found by integrating the differential phase shifts along the fiber length, as the power term depends both on the position and bit stream. The maximum possible phase shift corresponds to the case when all N W bits are one and the minimum phase shift occurs when all N W bits are zero, and phase shifts get distributed between these two limits. Thus, a bit stream of bi (i=1, 2,3...., N W ) will result in:
where ∆∅ is the phase shift caused by ith bit given by:
The BER is calculated from the standard deviation of the phase based on Eq. 6.
In a multiple span system, any sample point on the DQPSK signal coincides with the same set of bits, and experiences similar nonlinear phase shift in each span. Hence, we multiply by the number of spans to consider the effective phase shift for the entire system [32] . The BER in terms of Q-factor for an optical link is given by :
For error free communication, the threshold of optical communication system corresponds to a BER of less than or equal to 10 −12 , translating to a Q-factor of greater than or equal to 6 or 15 dB as obtained from Eq 7. This is considered as a reference and the performances for different cases is evaluated based on Q-factor. The proposed 32 channels link constitutes of a transmitter section, fiber module and an optical receiver as shown in Fig. 2 
with the central frequency of the first channel as
The signal is launched with alternate polarization into the respective channels. The 40 Gbps DQPSK signals with 50% duty cycle are generated by conventional transmitter setup shown in Fig   1(a) . The input power is varied and the signal is launched over N spans of 60 Km each. The system has been configured for both 25 GHz and 50 GHz channel spacing and a comparative assessment is presented in terms of BER, Q-factor and eye opening. The emission frequencies of CW lasers are equally spaced for both 25 and 50 GHz channel separation, and the optical channels have alternate polarization. A 128-bit sequence with 32 samples per second modulates each channel. MZM's with the extinction ratio set to 30 dB are used. The modulated optical signal is fed to the 32 input ports of an optical multiplexer. We optimized the type and order of both the multiplexer and the demultiplexer filter as filter characteristics play a significant role in link design and evaluated the filter performance on the basis of receiver sensitivity in terms of the received Q value.
Crosstalk between the adjacent channels is avoided by tight optical filtering before multiplexing.
Each channel is filtered optically with a fourth order Bessel filter with a bandwidth of 25 GHz for 25
GHz channel separation and a bandwidth of 50 GHz for the other case. Optical filters for both multiplexer and de-multiplexer are modelled by using the transfer function of 'elevated cosine' type with the center at the signal carrier frequency.
The combined optical signal is then fed into the SMF. Chromatic dispersion is compensated by using a single-periodic amplification scheme at the span input (pre-compensation) Fig.2(a The signal is first filtered by a 3rd Order Bessel optical bandpass filter with a 3-dB bandwidth of 23
GHz for 25 GHz channel separation case, and a 2nd order Bessel optical bandpass filter with a 3-dB bandwidth of 50 GHz for 50 GHz channel separation case, at the receiver side. This removes the ASE noise power outside the signal bandwidth. Two asymmetrical Mach-Zehnder interferometer and two balanced photodiodes detect this filtered optical signal, which now is filtered electrically by a fifthorder Bessel filter with a 3-dB bandwidth of 40 GHz. The impact of FWM is weak compared to the Self-Phase SPM and XPM due to the chromatic dispersion of the SMF [34] and is thus neglected.
Thereafter, a 3R regenerator connected to the BER analyzer is used which generates graphs and For detailed analysis of UDWDM system, the influence of non-linearities is an important problem to be investigated . So before implementation of a realistic 32 channel system ,the setup is first tested for an ideal case with the fiber non-linear coefficient set to zero and the same is compared with a practical case with a fiber having a typical γ as 2.09/w/Km working at 0 dBm power per channel. The performance parameter has been evaluated for both the cases. The estimated Q value is better in the absence of non-linearities as evident from the curves in Fig. 3 . Since the main aim of the paper is to study the effect of non linear impairments in a UDWDM system ,the further analysis is focused on non linearities and its limitations.
The 32 channel system has been further analyzed for various input power levels. Fig.4(a) -(c) outline the performance of both 50 GHz and 25 GHz spaced DQPSK system graphically in terms of the Q value as a function of transmission distance. For a high data rate WDM system, it is desirable that the input power should be as low as possible to limit non-linear effects hence we vary the input power of each channel between -5 dBm to 5 dBm . Fig. 4 (a) reveals that for very low power levels of -5 dBm, the 25 GHz DQPSK modulated system manages to run for 10 spans i.e. a distance of 600 km, while the 50 GHz system attains a transmission distance 900 km. The initial Q value after the first span is 20 dB for 50 GHz case, while it is 18 dB for 25 GHz .The curves overlap between 500 to 700 Km indicating similar performance in both the cases.
As the power increases to -1 dB, the safe operating distance increases in both cases, being close to 1200 km for 50 GHz case and around 1000 km for the latter. Another point to be noted is that tough the Q value for 25 GHz separation remains below the former, but the initial Q values also increase close to 24 dB as compared to 18 dB for -5 dBm power level.
Performance at 0 dBm power follows closely the case of -1 dBm as highlighted in Fig.4 (b) for both cases. We achieve a safe operating distance of 1500 Km for 50 GHz case and upto 1200 km for 25
GHz spacing, before the Q-value degrades below 15 dB threshold. So, we can infer that the DQPSK modulation format is more suitable for higher values of power as it offers generous system margin due to its high spectral efficiency and relatively good tolerance to fiber degradations making it desirable for long haul transmission.
At 1 dBm launch power initially the Q value increases up to 26 dB and it performs well for distances over 1200 Km, but the curves do not follow each other closely. For the 5 dBm launch power case as in Fig.4 (c) , 50 GHz system outperforms the 25 GHz one from the first span with as starting Q value close to 30 dB as compared to 26 dB for 25 GHz case and maintains its superiority up to 1100
Km, while the 25 GHz system falls below the threshold at 1000 Km only. In both the cases, a maximum transmission distance of 1000 Km is is attained.
The performance of 50 GHz system no doubt is better as compared to 25 GHz case, but even for the latter the Q value maintains above the FEC threshold for upto 1000 km which is an interesting observation. In work [37] experimental and numerical investigations of the transmission reach of PS-QPSK and PM-QPSK are reported for three different fiber span lengths i.e. 83, 111 and 136 km which is lesser as compared to the present investigation and moreover it operates with only 9 channels on a 50 GHz grid. In work [38] the performance of 42.8-Gb/s and 112-Gb/s intradyne coherent PM-QPSK system is studied with inline DCF to acheive a distance reach of 1000-km which is comparable to our results but with a higher cost and complex design. Our findings reinstates that using DQPSK over UDWDM offers two key functionalities: (i) better wavelength selectivity removes the requirement of expensive ultra-dense filter technology; (ii) high receiver sensitivity enables a system with longer reach.
V. CONCLUSION
The Thus, it is inferred that at these data rates severe chromatic dispersion and polarization-mode dispersion limitations need to be addressed before dealing with optical non linearity-induced penalties. Integration of coherent technology based on PM-QPSK, PS-QPSK, PM-16 QAM and DP-QPSK with UDWDM also needs to be explored as a part of future work as usage of DSP relaxes the equalization of transmission impairments as well as implementation of forward error correction.
